INTRODUCTION
Cultivation of vines and winemaking is an important agricultural activity in the world, as well as in Italy. Grapevine is a crop vulnerable to several fungal diseases in different phases of its growth. Considering the importance of winemaking as an economic activity, protection of crops becomes a priority for big and small enterprises, and the use of fungicides is a necessity. Ethylene-bis-dithiocarbamate (EBDC) fungicides have been used to fight moulds in fruits for decades, due to their good fungicidal activity against many frequent plant pathogens, such as downy mildew (Plasmopara viticola), powdery mildew (Uncinula necator), phomopsis (Phomopsis viticola), and black rot (Guingardia bidwelli).
The use of EBDC fungicides containing manganese and zinc, such as mancozeb, has been growing since their introduction in the market. As a general rule, all EBDCs are characterised by low acute toxicity and short environmental persistence. 1 Nevertheless, the most used compound of this group, mancozeb, has been reported as having goitrogenic 2, 3 and endocrine disrupting effects, [4] [5] [6] as well as being possibly immunotoxic. [7] [8] [9] In mammals, mancozeb produces several metabolic products among which the most relevant is Ethylene-bis-thiourea (ETU), which is also a product of its environmental degradation. 10 Published data suggest that ETU can be measured in workers occupationally exposed to EBDCs. 11, 12 However, apart from the acceptable operator exposure level for mancozeb, stabilised in the authorisation process, 13, 14 there is no occupational exposure limit for ETU recommended by any official agency, rendering difficult the interpretation of the results of environmental and biological monitoring of exposure. Several studies investigated the use of ETU as a biomarker of occupational exposure, 7, 11 and a reference value of 1 μg/g creatinine was tentatively proposed for the unexposed population of Northern Italy. 15 Therefore, even in the absence of officially validated occupational exposure limits, ETU can be used as a valid biological indicator of exposure in biological monitoring of EBDC-exposed workers, but further studies could increase the possibilities for its use.
In agricultural application of pesticides, exposure can occur during mixing and loading (MIX) of the formulation, application (APPL), and maintenance and cleaning (MTNT) of the equipment. 16, 17 Levels of exposure differ greatly between workers, depending on various determinants of exposure. 16, [18] [19] [20] Performing field studies of occupational pesticide exposure in agriculture provides us with exposure measurements in real-life conditions of pesticide use. The results of field studies help us identify the main determinants of exposure, analyse their relationship, and produce information necessary for preventive interventions. 16, 18 The aim of this study was to assess and compare workers' exposure in two most common scenarios of mancozeb application in Italian vineyards, to define the main determinants of exposure 1 in these scenarios, and to analyse their weight in determining the levels of exposure of the workers under study.
MATERIALS AND METHODS
This study was carried out between April and July 2011 in Mantova and Pavia provinces of the Region of Lombardy (Northern Italy). Enterprises using EBDT fungicides, namely, mancozeb, were selected, methods and aims of the study were described to employers and employees in dedicated meetings, and all participants signed the informed consent form approved by the Ethical Committee of our University Hospital.
The study protocol defined three levels of data collection:
(1) Original data collection sheet consisting of questions regarding the characteristics of the farmer, the farm, and the work day; (2) Assessment of potential (on clothes) and actual skin exposure using the "patch" methodology and collecting hand-wash liquid; (3) Assessment of excretion of the mancozeb metabolite, ETU, measured in 24-h preexposure and 24-h postexposure urine samples.
A brief overview of the study concept is shown in Figure 1 .
Data Collection Sheet
An original Data Collection Sheet was developed by our team to collect personal information of each participating worker, as well as all the information necessary to accurately describe the work day. It was based on a detailed analysis of published studies on pesticide exposure in agriculture. The Data Collection Sheet was in the Italian language, and an English version is reported as Supplementary Material S1 in a published article. 21 
Assessment of Potential and Actual Skin Exposure
Skin exposure of the body (hands excluded) was assessed according to the modified Organisation for Economic Co-operation and Development (OECD) guidelines, 22 using rectangular 0.01 m 2 pads made of Whatman filter paper grade 1 (Prodotti Gianni, Milan). Four pads were placed on the clothes used during the work day, and six pads under the clothes on the skin. Pads on the clothes estimate the potential skin exposure (clothes contamination) defined as the amount of applied active ingredient that reaches the subjects' clothes; those on the skin estimate the actual skin exposure, defined as the amount of active ingredient reaching the skin, and available for absorption. The percentages of body surface represented by each pad were calculated using the Mosteller formula. 23 Skin exposure of the hands was assessed by collecting the hand-wash liquid. Workers were asked to notify the study team each time they would usually wash their hands during the work day, and they were asked to wash their hands with 200 ml of an aqueous solution of isopropanol.
Respiratory route of exposure was not taken into consideration as it does not provide a significant contribution to the overall exposure in an outdoor application, being in the order of 0.1-7% of the total. [24] [25] [26] Also, the burden on the workers was significantly reduced with this decision, with an increase of their compliance to the study protocol.
Assessment of ETU Excretion
The evaluation of the excretion of mancozeb's main metabolite, Ethylenebis-thiourea (ETU), was carried out by collecting 24-h urine samples in hospital urine containers. One 24-h preexposure (starting on the morning of the day before the application and ending before work of the morning of the application) and a 24-h postexposure urine sample (starting at the end of the application and collecting for 24 h) were collected from each worker. All urine containers were stored closed at +4°C until conveyed to the laboratory.
Sample Preparation and Analysis
The determination of mancozeb and ETU in different samples (pads, hand wash, and urine) was carried out by liquid chromatography-mass spectrometry. Specifically, with Acquity UPLC system (Waters, Milford, MA, USA) coupled with a triple quadrupole Waters TQD mass spectrometer. TQD detector with an ESI interface in positive ion mode (ESI+) was used for quantitative analysis. The MRM acquisition used to quantify ETU was: m/z 103 → 44 (CV 36, CE 16); for internal standard ETU D4 quantification was obtained in SIR: m/z 107 (CV35). UPLC separation was performed on a Waters UPLC HSS T3 1.8 μm (2.1 × 100 mm 2 ) column kept at 28°C, by gradient elution with a mixture containing variable proportion of water and methanol, delivered at a flow rate of 0.4 ml/min. The retention time of ETU and its internal standard was 1.3 min.
Details regarding the analytical methods adopted for the study are shown in Table 1 .
Exposure Assessment, Data Processing, and Statistical Analysis From concentrations of mancozeb (mg/l or μg/l) in individual samples, the absolute amount in the original sample was calculated in micrograms. The potential skin exposure of the body was calculated as the sum of regional exposures that were measured by external pads (on the clothes), taking into account the surface of the pad and the body region represented by each pad, according to the formula: Protection factor is the fraction of pesticide retained by the barrier of the work clothing layer 27 and was calculated as:
Protection factor ¼ Potential skin exposure Potential skin exposure þ Actual skin exposure expressed in percentages.
Data processing and statistical analyses were performed in R language and Environment for Statistical Computing. 28 Median, minimum, and maximum values are reported in Tables, and non-parametric compare differences between groups, based on the Shapiro-Wilk test for normality of each variable of interest. In order to estimate correlation coefficients, data were first log transformed, and if normality was achieved, Pearson correlation was tested.
RESULTS
Workers, Work-Day Characteristics, and Personal Protective Devices A total number of 29 healthy, right-handed, male workers participated in this study ( Figure 1 ). The main relevant characteristics of the subjects are shown in Table 2 . The workers were followed by a three-person field team during their normal working activities, which included the preparation of the spray solution and filling the tank of the tractor-mounted sprayer (MIX), spraying the pesticide (APPL), and routine after-work maintenance and cleaning of the equipment (MNTN).
The workers used closed and filtered tractors (CFT) in 29 work days, while open tractors (OT) were used in 9 work days. The main characteristics of work days are presented in Table 3 . The median tank capacity for OT was 300 litres, while for CFT it was 1000 litres. MIX was carried out two times per day, but on some occasions up to seven times during 1 work day. Most workers used mancozeb in a soluble granule formulation. The median covered area per work day was 6 ha but ranged from 1 to 20 ha. Up to 50% of the workers cleaned their equipment after work, and almost 80% of the workers washed the tank. Workers reported MNTN was carried out routinely in 84% of the cases (up to almost 90% in CFT).
Personal protective devices' (PPDs) availability, characteristics, and use are reported in Tables 4 and 5 . Most workers were equipped with new mono-use coveralls, and most used normal clothes below the coveralls. Gloves were available in all cases when workers used OTs and in most cases (96.6%) when CFTs were used. Gloves were made of rubber in most cases (63%), followed by neoprene (29%) and latex.
Almost all workers used gloves during MIX and MNTN phases, but 78% and 21% used them during the APPL in OT and CFT, respectively. This difference was statistically significant (P = 0.003). Most workers used masks with various types of filters during MIX phase (84%), and most did not use it during the MNTN phase (70%). During the APPL phase 88% of OT workers and only 24% of CFT workers used respiratory protection, and this difference was statistically significant (P = 0.002).
Exposure Assessment and Biological Monitoring
Results of environmental and biological monitoring are presented in Table 6 . The median potential exposure of workers using OTs was just above 6 mg, ranging from 53 μg to 420 mg, and was significantly lower for workers using CFTs, with a median of 159 μg, ranging from 15 to 7658 μg. The median contamination on clothes was 1.2 μg/cm 2 and differed significantly between OT (24.88 μg/cm 2 ) and CFT (0.90 μg/cm 2 ). The difference in potential exposure between the two groups of workers was statistically significant (P = 0.005 and P = 0.006, respectively). Gloves were exposed at a median level of 12.78 μg. Median skin exposure was 1.62 μg, just below 4 μg for workers using OTs, and 1.45 μg for those using CFTs. Median skin contamination was 0.009 μg/cm 2 . Median hand exposure was 232 μg for OTs and 77 μg for CFTs. Total potential exposure (contamination on clothes and gloves) was 305 μg, while the total actual exposure (skin and hands) was 147 μg. The difference between OTs and CFTs was statistically significant for total potential exposure (P = 0.008) but was not for total actual exposure (P = 0.187).
The median preexposure urine levels of ETU were 1.04 and 0.86 μg (or 0.93 and 0.51 μg/g of creatinine) for OT and CFT workers, respectively. The median postexposure urine levels of ETU were 3.02 and 2.51 μg (or 3.02 and 2.06 μg/g of creatinine) for OT and CFT workers, respectively. Determinants of Exposure Mono-use coverall provide the highest body protection, followed by the multi-use coverall and regular clothes. Mono-and multi-use coveralls were able to block almost 99% of potential exposure, while normal clothes prevented only around 65% of potential exposure from reaching the skin (Figure 2 ). Figure 3 demonstrates the relative contribution of hands and body exposure to the total skin exposure in each worker. In all but three cases, hand exposure contributed 490% of the total skin exposure and in many cases 499%. In the mixing and loading phase, most workers in our study used gloves (see Table 5 ), therefore we explored the importance of the use of gloves in the application phase. Figure 4 demonstrates the influence of gloves on hands' exposure in OT and CFT. When OTs were used, the use of gloves reduced the exposure of hands from 5 to 10 times, while when CFTs were used there was no reduction but an increase of exposure. Figure 4 also confirms the importance of the tractor type on the overall exposure, considering the contribution of hands exposure to total skin exposure.
ETU as a biomarker of Occupational Exposure to Mancozeb Figure 5 demonstrates the preexposure and postexposure ETU levels in each worker individually (each worker is represented with the two levels connected with a straight line). The colour denotes whether there was an increase of the ETU level (red). For most workers, we can see an increase in the postexposure urine ETU level, regardless of the type of tractor used, although there are a number of subjects, denoted by green colour, in whom the urine ETU levels decreased. Postexposure ETU level was significantly higher than the preexposure level (Wilcoxon signed-rank test: V = 99, P o0.001). As both the total skin exposure and the postexposure ETU urine levels were not normally distributed, they were logarithmically transformed and checked again for normality (data not shown). A Pearson product-moment correlation coefficient was computed to assess the relationship between the total skin exposure and the postexposure ETU urine levels. There was a statistically significant positive correlation between the total skin exposure and ETU levels (r = 0.55, t = 3.78, P o0.001).
When correlation was tested only for subjects whose levels of ETU increased after application, indicating the influence of occupational exposure and not environmental exposure, there was an even stronger significant positive correlation (r = 0.67, t = 4.35, Po 0.001).
DISCUSSION AND CONCLUSIONS
This article presents a detailed exposure analysis of mancozeb applicators in vineyards, which included environmental monitoring, biological monitoring, and a detailed data collection to describe real-life field conditions of pesticides' use in vineyards (see Figure 1) . The study was conducted on a relatively large sample of applicators (29 subjects, 38 work days), considering that most similar studies include between 7 and 15 work days. Two most common methods of application, namely OT and CFT were analysed, with 9 and 29 monitoring days, respectively. These characteristics allowed for a better generalisation of the results compared with other studies, where only a small number of workers performed application using the same method.
21,29-31
All study subjects were male, which was expected considering the standards in the agricultural sector and pesticide application. 21, 30, 31 Their height was average, but their weight, with a median of 80 kg, was somewhat higher than average (see Table 2 ), especially considering default values of models used in the authorisation process. 21, 32, 33 CFTs were mostly used on a terrain that is not excessively steep, covering a larger area and spraying more product, which was, in this study (see Table 3 ), shown by a higher tank capacity, larger treated area, and longer application times. Other characteristics of the work, such as the number of different operations, the physical form of the product used, and the performance of maintenance and cleaning of equipment, did not depend on the tractor type and were not significantly different between the two types of tractors considered. Factors such as the windiness or temperature, although recorded by the Data Collection Sheet, were not variable, as the workers applied mancozeb in the same region, always choosing days with little or no wind and similar mild weather conditions.
The majority of the workers had mono-use coveralls available, which is known to provide best protection during the monitoring work days (see Table 4 ). In this study, the use of mono-use coveralls as opposed to multi-use coveralls resulted in 4 times lower skin exposure when OT was used, and using any of the two resulted in 10 times lower skin exposure in the case of CFT when compared with normal clothes. Mono-and multi-use coveralls blocked 99% of exposure on clothes from reaching the skin (see Figure 2 ), which confirms our results with tebuconazole, 21 albeit higher than that estimated in similar studies. 24, 29, [34] [35] [36] Nevertheless, the different modalities of application explored by other authors must be considered.
Most workers had at least gloves and a mask available for personal protection, aside from the coverall (see Table 4 ). As for PPDs used in different phases of the work, most workers used gloves and respiratory protection during mixing and loading and gloves during maintenance. The biggest difference was observed in the application phase, where most (77%) OT and 6 (20%) CFT workers used gloves (see Table 5 ). The use of gloves during application resulted in 10 times lower median hand exposure in OT workers but 3 times higher median hand exposure in CFT workers (see Figure 4) . The use of gloves in a CFT is considered a wrong practice, as contaminated gloves are brought into a clean environment and can result in surface contamination, leading to higher exposure. [37] [38] [39] Our results have demonstrated this higher exposure.
Both groups of workers, using OTs as well as CFTs, were exposed to only few micrograms of the active substance, although we have seen a high variability (see Table 6 ), which is consistent with published literature. 21, 31 We can attribute the relatively low exposure to the modality of application, as the use of open as well as closed tractors is considered to result in the lowest exposure. 16, 18 Potential (clothes and gloves) and actual (skin and hands) exposure was consistently several times lower when CFTs were used. Figure 6 shows a comparison of potential (clothes and glove) and actual (skin and hands) exposure levels between OT and CFT. The protection offered by the tractor cabin in case of CFT has been studied and consistently demonstrated. 21, 30, 40 Likewise, in our study the use of CFT resulted in 40 times lower median potential exposure, almost 3 times lower median glove and skin exposure, and 43 times lower median hands' exposure, compared with OT. The high contribution of hands' exposure to the total exposure (see Figure 3 ) has been demonstrated in previous studies. 21, 41 The question that can be raised, as most of the workers washed their hands several times during the day, is whether it was correct to treat the hand-wash liquid as hand exposure. As the hands get contaminated, the worker was exposed via hands only before they were washed. This would mean that one hand-wash sample does not measure exposure during the whole day but only in the period (several hours) before it is collected. Therefore, the duration of hand exposure should be considered for each hand-wash sample to gain more precise results. 42, 43 To our knowledge, this has never been applied previously in pesticide exposure and risk studies and should be a subject of future studies.
Finally, this study confirms that ETU is a suitable biomarker for monitoring occupational exposure to mancozeb in agricultural pesticide applicators. Postexposure ETU urine levels were significantly higher than preexposure levels, indicating that an increase of ETU in urine can be measured even if the workers are not highly exposed to mancozeb, as in our study (see "ETU as a biomarker of occupational exposure to mancozeb" section). The suitability is also confirmed by the statistically significant positive correlation between the total skin exposure and postexposure ETU level in our workers (r = 0.55 and r = 0.67, respectively), which confirms findings of a previous similar study. 11 Unfortunately, the lack of biological occupational exposure limits significantly reduces the possibility to use this biomarker in routine risk assessment activities. Nevertheless, studies including both environmental and biological monitoring, such as this one, allow ETU to be used in computational modelling, which could result in a biological limit of exposure. 40 One of the main principles of this study was to analyse the reallife conditions of exposure to mancozeb in agricultural application, which resulted in several limitations. Our methods included exposure monitoring using a modified OECD protocol with a reduced number of pads, which can lead to a lower precision in the estimate of exposure but has allowed us not to disturb the workers excessively. The percentage of workers using mono-use coveralls appears unrealistically high and can be explained by the worker's effort to appear better equipped for our study. Our team has underlined the interest to see "real-life condition" in which the workers perform their job, but it was impossible not to influence the workers' choice in this case. Only nine OT work days might have led to some results not reaching statistical significance (compared with 29 CFT work days), especially in the exposure assessment, but our study has shown without any doubt that exposure (potential and actual) is consistently lower when CFTs are used. Considering similar application scenarios in the South of Italy or any Mediterranean country, we would expect workers not to use PPDs throughout the day due to the increased temperature and fewer controls by the labour inspection. Therefore, the exposure could be in the order of magnitude of workers wearing only normal clothes and no gloves in our study. Nevertheless, a study with a higher number of participants and work days would be necessary to confirm our results and make the above conclusions more generalisable.
In conclusion, this study has demonstrated that the levels of exposure to mancozeb in Italian vineyards are extremely low if workers adopt safe occupational hygiene procedures. The major part of exposure came from hands' contamination, which contributed with 490% to the total skin exposure, although the duration of exposure should be considered in risk assessment efforts. Principal determinants of exposure to mancozeb were the type of tractor (OT vs CFT) and PPDs used, namely, the coverall and the gloves. The adoption of unsafe practice, such as bringing contaminated gloves into a CFT, resulted in significantly higher levels of hand exposure. Finally, our study confirmed that ETU is a suitable biological marker of occupational exposure to mancozeb, but the absence of biological exposure limits greatly reduces the possibility to interpret biological monitoring results in occupationally exposed workers. However, the high correlation between ETU levels and total skin exposure opens the door to developing methods for better interpretation using the integration of biological monitoring, environmental monitoring, and computer modelling. This topic deserves further studies.
